Age and sexual maturity have not previously been studied in Australian bottlenose dolphins. These were investigated in 57 male Indo-Pacific bottlenose dolphins (Tursiops aduncus) collected opportunistically in South Australia between 1989 and 2011. Age was estimated by counting growth layer groups in dentine tissue. Formalin-fixed testes plus epididymides were weighed, measured, and subsampled for histological analysis. Stage of spermatogenesis, presence of spermatozoa, testis tubule size, seminiferous tubule wall and tunica thickness, and relative amount of interstitial tissue were noted. Immature testis tubules contained only Sertoli cells and spermatogonia and had mean testis weights , 83 g, lengths , 190 mm, and tubule diameters , 98 lm. Testes of Active dolphins had spermatozoa, testis plus epididymis weights between 250 and 1,025 g, testis lengths between 164 and 292 mm, and mean tubule diameters . 84 lm. Regressed/pathological dolphins had testis weights (199-280 g), testis lengths (195-230 mm), and tubule diameters (59-130 lm) larger than Immature males and on average less than Active males. Seminiferous tubule wall thickness also separated Regressed/pathological male (X ¼ 14.9 lm) from Immature male (X ¼ 2.3 lm) testes. Sexual maturity in male Indo-Pacific bottlenose dolphins was attained between body lengths of 208 and 220 cm and body weights of 90 and 115 kg. Some males (20%) were sexually but not physically mature as determined by fusion of vertebral epiphyses. All physically mature males were sexually mature. The youngest sexually mature dolphin was 12 years old and the oldest immature male was 15 years, but samples were limited in the 8-to 12-year range. Testicular regression has not previously been reported in Tursiops spp. The 3 regressed males from South Australia had gross and histological evidence of organ pathology, including in the testes, suggesting that their reproductive status was related to ill health, rather than seasonal or individual cycling of function or senescence. The implications of heavy-metal toxicity on male Indo-Pacific bottlenose dolphin reproduction is discussed.
Knowledge of the reproductive cycle and life history of cetaceans is important for their conservation and management. It is the basis for studying population dynamics, susceptibility of a species or population, and their ability to recover from exploitation (Westgate and Read 2007 ). Yet, for many cetacean species, including common ones such as bottlenose dolphins (Tursiops spp.), there are insufficient data on these aspects of their biology (Reynolds et al. 2000) . A critical advancement in study of life history of odontocetes was the ability to age individuals by counting growth layer groups in dentine tissue (Perrin and Myrick 1980) . With known ages, odontocete development could be aligned chronologically. Summaries of the life history of Southern Hemisphere bottlenose dolphins are found in Bannister et al. (1996) , Peddemors (1999) , and Best (2007) .
Sexual maturity and reproductive senescence determine the length of the reproductive life for individuals, populations, and species. Compared with many of their terrestrial counterparts, marine mammals are K-selected in life-history strategy and therefore are more vulnerable to human activities and their effects (Merrick et al. 2009 ). For cetaceans, age at maturity is thought to vary with the level of mortality, including exploitation (Perrin and Reilly 1984) , even for males (Perrin For most species in the family Delphinidae both sexes are sexually mature by about 15 years of age, with some species at less than 10 years (Perrin and Reilly 1984) . Bottlenose dolphins mature later than other delphinids, usually at ages up to 15 years (Wang and Yang 2009; Wells and Scott 2009) . Bottlenose dolphins follow the general delphinid pattern of males becoming sexually mature later than females (Perrin and Reilly 1984) . Studies on bottlenose dolphins that have examined the reproductive organs of carcasses and estimated age using teeth annuli concluded that males mature at 7 to 17 and females at 5 to 14 years of age (Sergeant et al. 1973; Cockcroft and Ross 1990; Mead and Potter 1990; Kasuya et al. 1997 ).
Long-term field studies of coastal bottlenose dolphins (Tursiops spp.) have been carried out in many parts of the world and yielded valuable data on life span and age of sexual maturity, sometimes showing variability among populations and species (Walker 1981; Urian et al. 1996; Wells and Scott 1999) . The maximum age recorded for the common bottlenose dolphin (T. truncatus) was a 58-year-old female aged by combining field and tooth annuli studies (Wells et al. 2008 ). Using age estimated by counting growth layer groups in dentine tissue, Cockcroft and Ross (1990) determined that an Indo-Pacific bottlenose dolphin (T. aduncus) in southern Africa lived to 43 years of age, although Wang and Yang (2009) noted that there is preliminary evidence for maximum age being at least 50 years.
Determining when sexual maturity occurs in free-ranging male odontocetes is problematic because the process of maturation is gradual and social relationships may delay the ability to actually mate even though reproductive organs are mature (Conner et al. 2000) . Genetic sampling of live animals can establish paternity and ultrasound imaging can determine testis and epididymis size, which then can be compared with testis maturity on the basis of histological studies of this organ obtained from dead animals (Brook et al. 2000) . Desportes et al. (1994) concluded that plasma testosterone levels alone could not be used to indicate sexual maturity in long-finned pilot whales (Globicephala melas) because of the degree of overlap between maturational stages. At present, examining the reproductive organs of dead odontocetes whose age has been estimated by counting growth layer groups in dentine tissue is the most effective way of determining age at which males first produce sperm. Such studies have been carried out on T. truncatus (Sergeant et al. 1973; Walker 1981; Mead and Potter 1990; Kasuya et al. 1997) and T. aduncus (Cockcroft and Ross 1990) , generally using large samples of males. Studies that report on dolphins collected either from hunting operations (e.g., Kasuya et al. 1997) or as bycatch (Cockcroft and Ross 1990 ) are likely to be more representative of the population/ species than those using stranded dolphins or beach-washed carcasses. There are no estimates of when male sexual and physical maturity occur in Australian bottlenose dolphins.
Two species of bottlenose dolphin are recognized worldwide-T. truncatus and T. aduncus (Perrin et al. 2009 )-and both occur in South Australian waters (Kemper 2004) . T. truncatus inhabits the oceanic environment and T. aduncus the inshore, protected regions (Kemper 2004) ; however, resident coastal populations of T. aduncus are known . A new species, the Burrunan dolphin (T. australis), recently has been described from southeastern Australia (Charlton-Robb et al. 2011) , but until its presence in South Australia is confirmed and/or the taxonomy of Australian bottlenose dolphins is resolved, we choose to refer to the inshore form as T. aduncus.
The present study used organs from opportunistically collected carcasses of T. aduncus to document testis size, describe some of the histological features of the testis and epididymis relevant to sexual maturity, predict age of sexual maturity in males that had grossly autolyzed testes and/or epididymides, distinguish reproductively immature males from males with regressed testes, and relate sexual maturity to age, body size, and skeleton maturity.
MATERIALS AND METHODS
Carcasses of 57 male T. aduncus were obtained from the coast of South Australia (SA) between 1989 and 2011. Species identification was based on osteological data described in Kemper (2004) . The circumstance of death for these dolphins (as determined by necropsy and other relevant data) included anthropogenic interactions (intentional killing, entanglement, vessel collision), nonanthropogenic events (disease, live stranding, neonatal death), and unknown circumstances, each in approximately equal proportions. In about 80% of the cases, carcasses were frozen and later transported to the South Australian Museum (SAM) where they underwent necropsy by CK and associates. The remaining carcasses were not frozen. Body length, weight, and sex were recorded. Specimens were registered into the mammal collection of the SAM and registered with a number with an M prefix.
Age estimation.-Two to 3 of the straightest teeth from each dolphin (jaw and position not known) were prepared for age estimation (see Perrin and Myrick 1980 for detailed description of method). This involved trimming the tooth to obtain a thick midsection and decalcifying this section in hydrochloric acid (RDO, Apex Engineering Products Corporation, Aurora, Illinois) for 1 to 15 h, followed by thin-sectioning using a Leica cryostat (Leica Microsystems, Sydney, Australia) set at 25-lm slices. Teeth from neonatal dolphins were decalcified whole. Sections were stained in Mayer's hematoxylin solution for 25-35 min, then blued in a 2% solution of ammonia and mounted on slides that were later protected by coverslips.
Age in years was determined by counting growth layer groups (GLGs-Perrin and Myrick 1980) using a dissecting microscope at 9-753 magnification. Three estimates (each also involving 3 readings) were carried out by 2 or 3 readers who had experience in counting GLGs in odontocetes. Each tooth was read without knowing the true specimen number or any other details about the animal, i.e., the readers were ''blind'' to the tooth's identification number. The final age estimate for each tooth was the mean of the overall score from all readers, rounded to the nearest year. Age 0 was assigned to teeth that had no visible neonatal line. Age 0.5 years was assigned to teeth in which the neonatal line was visible, but the 1st GLG was not complete. Old animals in which the neonatal line was not visible due to tooth wear were assigned minimum ages. The GLGs of 1 male (estimated age . 16 years) could not be accurately counted because tooth structure was abnormal after 5 GLGs.
The precision of counting GLGs was compared within and among readers for the data set (n ¼ 78) that included both females and other males of this species from South Australia (Trentin 2008) . The accuracy of age estimates by 2 readers was tested for combined males and females using coefficients of variation (reader 1 ¼ 11.93%, reader 2 ¼ 7.58%) and an index of precision (reader 1 ¼ 6.89%, reader 2 ¼ 4.50%) according to Chang (1982) . These 2 metrics were within an acceptable range for aging studies. More variation in age estimates was noted for adult animals, i.e., those that were reproductively and physically mature.
Reproductive status and physical maturity.-At necropsy, testes plus epididymides were removed as a unit and fixed in 10% buffered formalin, large testes having first been slit in several places to allow rapid fixation of internal tissue. Organs were later transferred to 70% ethanol. An assessment of decomposition was made at necropsy according to Geraci and Lounsbury (2005) . After necropsy and flensing, skeletons were macerated for several months in warm water (25-358C) and before 2000 they (but not the teeth) were degreased in boiling trichloroethylene.
Physical maturity was assessed, without knowledge of estimated age or reproductive condition, by examining the amount of fusion of the epiphyses of the vertebrae and flippers (Mead and Potter 1990) . The following classification was created by CK and associates: category 1 ¼ no epiphyseal fusion in vertebrae or flipper; 2 ¼ not complete fusion in flipper (distal ulna free) and/or vertebrae; 3 ¼ distal ulna epiphysis fused and some vertebrae, but no thoraces; 4 ¼ epiphyses of ulna, radius, and humerus fused, but not all thoraces; or 5 ¼ all vertebral epiphyses fused to centra.
Left and right testes plus epididymides were taken from all except 11 dolphins, from which only one side was collected. Length and weight (Mettler electronic balance [Mettler Toledo International, Zurich, Switzerland] to 0.01 g and A&D [A&D Australasia, Adelaide, Australia] electronic balance accurate to 0.01 kg) were recorded after fixation and the mean weight calculated. Testes and epididymides were weighed together, in accordance with other studies of odontocete reproduction (e.g., Neimanis et al. 2000) . If the testes had been slit before fixation, a subsample of tissue for histological examination was collected from deep in the testis parenchyma (according to advice of Kasuya et al. 1974 and Cockcroft and Ross 1990) . If the testis had not been slit it was sampled at the periphery. Samples of epididymal tubules were taken from the caudal portion. For very small testes, a cross-section of the entire testis and epididymis was made. Standard histological techniques (i.e., embedding in paraffin, 5-lm sections, hematoxylin and eosin stain [H&E] ) were performed on all tissues. In addition, testis sections of 37 males were stained using periodic acid Schiff to enhance the collagen fibers of the basement membrane. There is evidence that the basement membrane thickens as the testis regresses (Neimanis et al. 2000) , and therefore it might be useful in describing the regressed testis of T. aduncus.
Histologically prepared sections of both testes and epididymides were examined using a bright-field microscope (100-1,0003 magnification). Germinal epithelium cell types (spermatogonia, spermatocytes, spermatids, spermatozoa) were identified and the approximate number of cell layers (i.e., number of cells deep) noted. Ten seminiferous tubule diameters (from the outer edges of the tubule wall, in crosssection, 200-4003 magnification) were measured for each testis, except in cases of advanced autolysis (when the outer edge of the tubule could not be distinguished). The thickness of the seminiferous tubule wall (defined herein as the basement membrane, smooth muscle fibers, and collagen fibers) was measured 15 times (1,0003 magnification) and a mean calculated. The amount of interstitial tissue was estimated as ''abundant,'' ''moderate,'' or ''little'' relative to the area occupied by the tubules. The relative size of the epididymal lumen, relative amount of folding of its epithelium (determined subjectively), and presence/absence and relative abundance of spermatozoa were recorded. The tunica of 45 dolphins was measured in H&E-prepared slides using a dissecting microscope at a magnification of 123. Ten measurements were taken where the tunica was cut in cross-section and the mean calculated of these, the aim being to ascertain if tunica thickness varied with reproductive status. To arrive at a single value for each animal (testis plus epididymis weight, length, tubule diameter, and tunica measurements) the mean was taken from both the left and right testes. For seminiferous tubule wall thickness, only 1 testis was used. These testis parameters were investigated for statistical differences between reproductive groups using STATISTICA version 5.0 (Statsoft 1995). Since unequal variances were found for all groups and parameters (Levene's test), nonparametric tests (Kruskal-Wallis and Kolmogorov-Smirnov) were used for statistical tests.
Estimation of asymptote for body length was computed using a Gompertz curve in SPSS Version 22 (IBM 2011).
RESULTS
Dolphin age.-A summary of ages of the 57 males studied is as follows: 0 (neonatal), n ¼ 9; 0.5 year, n ¼ 5; 1-5 years, n ¼ 6; 6-10 years, n ¼ 7; 11-15 years, n ¼ 10; 16-20 years, n ¼ 7; 21-25 years, n ¼ 3; 26-30 years, n ¼ 4; . 16 years, n ¼ 2; . 19 years, n ¼ 2; . 20 years, n ¼ 1; . 25 years, n ¼ 1. There were few males available in the 8-to 11-years-old age bracket.
Reproductive status and attainment of sexual maturity.-A total of 52 males had organs that were sufficiently well preserved to distinguish cell types in the germinal epithelium and/or spermatozoa in the epididymides. They were assigned to 1 of 3 categories that described the histological appearance of these organs: Immature (Figs. 1A and 1B; n ¼ 27) or no spermatozoa in testis or epididymis, 1 to 2 layers of neatly aligned Sertoli cells/spermatogonia, testis tubule shape round in cross-section and periphery smooth, interstitial tissue moderate to abundant with fibroblasts dominant, seminiferous tubule wall composed of a basement membrane and 1 to 2 layers of smooth muscle fibers, lumen of epididymis small with epithelium folded. Active (Figs. 1C and 1D; n ¼ 22) or all germinal cell types present in seminiferous tubules including spermatozoa, . 2 cell layers (often . 5) in germinal epithelium, seminiferous tubules round and usually smooth in cross-section, interstitial tissue little to moderate with fibrocytes dominant, seminiferous tubule wall included basement membrane and loose layers of smooth muscle and collagen fibers, epididymis with moderate to abundant spermatozoa. One male (M23356, Figs. 1E and 1F) had irregularly shaped tubules, a thin and irregular germinal epithelium, few spermatozoa, and few spermatozoa in the epididymis. Two males with partially autolyzed testes were included in the Active category, but not all the above criteria were confirmed. Regressed/pathological (Figs. 1G and 1H; n ¼ 3) or no spermatozoa in testis or epididymis, 1 to 2 layers of Sertoli cells/spermatogonia that had a disorganized appearance, seminiferous tubule shape very irregular in crosssection, interstitial tissue little to moderate with fibrocytes dominant, seminiferous tubule wall includes basement membrane and multilayered smooth muscle and collagen fibers that are moderately dense, lumen of epididymis small, and epithelium substantially folded. Orchitis (inflammation of the testis) was detected in 2 males and epididymitis was found in another.
Testis parameters for the above groups are summarized in Table 1 . With the exceptions of seminiferous tubule wall thickness and tunica thicknesses, means for the parameters were highest in Active and lowest in Immature males. Five Kruskal-Wallis tests (i.e., one for each parameter) compared the histological groups and all were highly significant ): testis plus epididymis weight (
To determine which of the histological groups differed, 3 two-sample Kolmogorav-Smirnov tests were conducted. The result was significant (d.f. ¼ 1, P , 0.05-0.001) for all 5 parameters when Immature males were compared with both Active and Regressed/pathological males. There was not a significant difference ( d.f. ¼ 1, P ¼ 0.10) when Active and Regressed/ pathological males were compared for each parameter.
Testis tubule diameter was positively related to testis plus epididymis weight when individual males were compared (Fig.  2) . With 2 exceptions (M25603, M25604), Immature males were clearly delineated from other groups. Both showed signs of being at an early stage of spermatogenesis (primary spermatocytes present in low numbers in many tubules and meiosis observed). Regressed/pathological overlapped to some degree with Active males.
There was a positive relationship between mean testis plus epididymis weight and testis length, with a rapid increase in weight relative to length after about 175 mm and 200 g, when sexual maturity is likely to be reached. Males were deemed to be sexually mature if there was evidence of present or past reproductive activity (i.e., categories Active and Regressed/ pathological) and immature if absent (i.e., histologically assessed as Immature). Three males were not able to be assigned to a reproductive status category on the basis of the histological appearance of their organs because of advanced autolysis. Testis size of these was compared with known-status males in Fig. 3 . Two had very small testes plus epididymides (2.0 and 6.8 g) and were clearly immature. Another had a mean testis weight of 186 g that exceeded the weight of the largest Immature testis (82.9 g) on the basis of histology and was therefore assigned to mature.
To ascertain the body size at which sexual maturity occurs in T. aduncus, body lengths and weights were compared with sexual maturity status (Fig. 4) . For immature males, the longest was 220 cm and the heaviest, 115 kg. For mature males the shortest was 208 cm and the least heavy, 90 kg. There were few males with body lengths with the range of 130 to 190 cm in the study.
The oldest immature male was estimated to be 15 years (except M24456, see ''Discussion'') and the youngest mature was 12 years (Fig. 5 ). M25603 and M25604 (see above) appeared to be maturing. A 23-year-old male (M23356) was assigned to the category Active, but its germinal epithelium generally had only 1 layer and the epididymal lumen was small and contained few spermatozoa (Figs. 1E and F) . In addition, the mean diameter of the seminiferous tubules was only 83.8 lm. It is possible that this male was in the initial stages of testis regression. Regressed/pathological males were all over 12 years of age.
Physical maturity.-Reproductive category and physical maturity were compared for 51 males (Fig. 6 ). All sexually immature males were also physically immature, 84% of which were in physical maturity categories 1 and 2. All physically mature males were also sexually mature, but 20% of sexually mature males were not physically mature.
The youngest physically mature male was 12 years old. Except for a 25-year-old male (M24456, see ''Discussion'' below), the oldest physically immature male was 17 years of age. The heaviest physically immature male was 150 kg and the least heavy physically mature male was 90 kg. Maximum total body length for physically immature males was 238 cm and minimum for physically mature males was 208 cm.
Using all data for aged male dolphins (n ¼ 49, excluding those with minimum ages), a Gompertz growth curve estimated asymptotic body size as 221.6 cm (SE ¼ 3.096, 95% confidence interval ¼ 215.3-227.8). 
DISCUSSION
This study provides evidence that the life history of Australian T. aduncus is both similar to and different from bottlenose dolphins elsewhere. The maximum age estimated for male T. aduncus from South Australia was 28 years. This is considerably less than the maximum for male T. truncatus (48 years) and for T. aduncus (42 years) from South Africa (Cockcroft and Ross 1990; Wells and Scott 2009) . However, the age of more individuals needs to be estimated before a conclusion can be drawn as to whether South Australian, and possibly other Australian, T. aduncus differ from other populations and species of bottlenose dolphins.
In contrast, the timing of sexual maturity for male South Australian T. aduncus (about 12-15 years old) does not appear to differ from bottlenose dolphins outside the Australian region (7-17 years), as determined by examining carcasses and counting growth layer groups in dentine tissue. Three studies of T. truncatus in the United States and in Japan concluded that the youngest mature and oldest immature males were . 8 and 12 years (Mead and Potter 1990) , 7 and 15 years (Sergeant et al. 1973) , and 9 and 17 years (Kasuya et al. 1997) , respectively. The only previous studies of sexual maturity in T. aduncus were carried out in southern Africa by Ross (1977) and Cockcroft and Ross (1990) . These authors showed that the youngest mature male was 9 years of age and that maturity was attained in the population at about 14.5 years. For South Australian T. aduncus, the oldest immature male was 15 years (except for M24456 discussed below) and the youngest mature male, 12 years. Spermatogenesis was just beginning in 2 males, ages 11 and 15 years. Like Mead and Potter (1990) , the South Australian study had few males in the critical age/size range when sexual maturity is likely to be attained. Future collecting should aim to fill this gap so that the age at sexual maturity can be refined. The reason for the paucity of males in that age group is not known, but likely not to be related to age-related distribution patterns because they are present year-round in a well-studied South Australian population . The apparent reduced mortality is contrary to Ridgway's (1972) conclusion that male mortality in odontocetes likely to be high at puberty and during breeding.
Male puberty has been defined in odontocetes in various ways using testicular features and function: presence of active and inactive tubules in the sperm whale (Physeter macrocephalus-Best 1969; Committee on Taxonomy 2013) and pantropical spotted dolphin (Stenella attenuata- Kasuya et al. 1974) , rapid increase in testis size of T. truncatus (Kasuya et al. 1997 ) and the long-finned pilot whale (G. melas- Desportes et al. 1994) , and noticeable reduction in interstitial tissue and advancement to spermatocyte stage in the short-beaked common dolphin (Delphinus delphis- Collet and St. Girons 1984; Murphy et al. 2005 ) and striped dolphin (Stenella coeruleoalba- Miyazaki 1977) . For South Australian T. aduncus, puberty appears to coincide with rapid increase in both testis and testis tubule size, a reduction in the relative amount of interstitial tissue, and advancement to spermatocyte stage of spermatogenesis. However, more males are needed in the pubertal stages to confirm the histological details of this.
A comparison of body size at sexual maturity will herein be confined to T. aduncus because T. truncatus is generally larger and there is considerable variation in its size, depending on region and ecotype (Wells and Scott 2009) . Asymptotic body length of male T. aduncus from southern Africa was 243 cm (Cockcroft and Ross 1990) , which is slightly larger than that for South Australian males (222 cm). This difference was reflected in the size at sexual maturity in both regions: 140-150 kg and 220-230 cm for southern Africa (Cockcroft and Ross 1990 ) and 90-115 kg and 208-220 cm for South Australia. The only other published data on carcass studies of male reproductive condition in Australia are for 3 males discussed by Fanning (1973-1974) . Testis and body-length details of these bottlenose dolphins (assumed to be T. aduncus on the basis of body length and collecting location) from northern Spencer Gulf, SA (Table 2 ) fit the pattern reported in the present study.
Physical maturity, and probably maximum body length, is attained when all vertebral epiphyses are fused to their respective centra (Mead and Potter 1990) . For male South Australian T. aduncus, this was achieved between the ages of 12 and 17 years, body lengths of 208 and 238 cm, and weights of 90 and 150 kg. Comparable ages have been reported for T. aduncus from southern Africa (12-14 years-Cockcroft and Ross 1990) and for T. truncatus from the United States (10-15 years-Mead and Potter 1990). Mead and Potter (1990) showed that physical maturity lagged behind sexual maturity by about 2.5 years in T. truncatus. Sexual maturity preceded physical maturity in South Australian T. aduncus, a feature concordant with the general pattern exhibited by odontocetes whereby sexual maturity is attained at 80-88% (mean 85%) of maximum body length (Harrison 1969) . Laws (1961) noted that the odontocete testis may be particularly sensitive to postmortem autolysis, thus making it difficult to determine reproductive status on histological grounds. One of the aims of the present study was to predict testis maturity of T. aduncus on the basis of testis size, thus enabling the often suboptimal material collected from strandings to be assessed and providing a rapid method of determining sexual maturity. Studies of other small odontocetes have shown that this is possible, for example shortbeaked common dolphins (Collet and St. Girons 1984; Murphy et al. 2005) , spinner dolphins (Perrin et al. 1977) , pantropical spotted dolphins (Kasuya et al. 1974) , and harbor porpoises (Phocoena phocoena- Neimanis et al. 2000) . For T. truncatus from the East Coast of the United States, the largest immature and smallest mature testis was 73 g and 230 g, respectively (Mead and Potter 1990) . Turner et al. (2006) did not give maximum and minimum weights for immature and mature T. truncatus, but it appears from their graphs that there was an overlap at about 25 g between the largest immature and the smallest mature testes plus epididymides. Cockcroft and Ross (1990) reported on male reproductive status of a large sample of T. aduncus from southern Africa and their largest immature testis was 130 g and the smallest mature was 140 g. For T. aduncus from South Australia, the largest testis for immature males was 83 g and the smallest for mature males, 199 g. However, spermatogenic and nonspermatogenic testes were not discriminated by weight because the testes of regressed adults remained larger than those of males that had not reached sexual maturity.
Maximum testis weight of mature T. truncatus has been reported in a range of studies as 460 to 983 g (Harrison et al. 1972; Sergeant et al.1973; Walker 1981; Mead and Potter 1990; Kasuya et al. 1997; Turner et al. 2006) . This falls below the maxima recorded for T. aduncus: 1,160 g (Cockcroft and Ross 1990 ) and 1,025 g (present study). Yet, T. aduncus is a smaller species (maximum body length ¼ 2.7 m-Wang and Yang 2009) compared with T. truncatus (3.8 m-Wells and Scott 2009). In reviewing mating strategies and sperm competition in odontocetes, Conner et al. (2000) noted that compared with other delphinids, bottlenose dolphins have relatively small testes. Since the evolution of testis size is thought to be related to mating system in mammals (Kenagy and Trombulak 1986) , comparing T. aduncus and T. truncatus testis size in a larger sample may point to a difference in the breeding behavior of these species.
Seminiferous tubule diameter was positively related to testis weight in T. aduncus, as would be expected, and has been described in other studies of delphinids (Miyazaki 1977; Cockcroft and Ross 1990; Desportes et al. 1993 ) and the dugong, Dugong dugon (Marsh et al. 1984) , but this measurement does not always predict testicular activity. Marsh et al. (1984) were able to distinguish immature from mature dugongs, but resting adults had tubule diameters that overlapped largely with spermiogenic males. The same pattern was evident in T. aduncus from SA.
One of the novel findings of the present study was that the basement membrane can be used to discriminate regressed from immature testes because in regressed males it remains as thick as that of spermiogenic tubules. This is unlikely to be unique to T. aduncus since studies of domestic cats, Felis catus (Elcock and Schoning 1984) , and laboratory mice, Mus musculus (Takano and Abe 1987) , noted that the basement membrane becomes thicker as the testis degenerates with age. In harbor porpoises, Neimanis et al. (2000) found that the basement membrane was almost twice as thick in regressed males as in fully active ones, but they did not comment if it was greater than in immature males. Results presented herein merit further study in other male odontocetes.
The discovery of sexually regressed adult male T. aduncus in SA has not been reported for bottlenose dolphins and warrants further discussion. Testicular regression and associated inactivity have been described in several species of small odontocete (e.g., short-beaked common dolphins [Westgate and Read 2007] , harbor porpoises [Neimanis et al. 2000] , and long-finned pilot whales [Desportes et al. 1993] ), but in these cases they were associated with the nonbreeding season. The limited information available on breeding seasonality for South Australian T. aduncus points to year-round calving, with a peak in austral summer and early autumn . The date of collection of the 23 reproductively Active males in the present study included all months except September and December; 78% were between January and June. The 3 regressed males were collected in June, November, and December. Diffuse reproductive seasonality has been noted in female bottlenose dolphins (Wells and Scott 2009), but not males.
What other reason could there be for males to become nonreproductive? Collet and St. Girons (1984) argued that dead, stranded dolphins may not be representative of the normal breeding pattern in a population, especially if they are in poor health. Evidence that testicular regression may be, at least in part, related to chronic disease in some South Australian T. aduncus is reported in Table 3 . All 3 Regressed/pathological males in this study had gross and histological evidence of disease and in 2 males this was multiorgan in nature, including the testis. Severe unilateral orchitis and associated peritonitis have been reported in a captive adult male T. truncatus by Harrison and Ridgway (1971) . Spermatogenesis appeared to be compromised in this male. In the present study, the most chronically diseased dolphin was M20877 (Table 3) , a male that Lavery et al. (2009) reported had very high wet-weight concentrations of Zn (270 mg kg À1 , compared with the adult male mean of 97 mg kg À1 ) and several indicators (kidney and bone pathology) of heavy-metal toxicity. Cadmium concentrations are also very high in some South Australian dolphins (Lavery et al. 2008) , and this and other heavy metals are known to cause toxic reproductive effects (Thompson and Bannigan 2008) . Body weight/length ratios of the regressed males (Table  3) were low relative to weights of other mature male carcasses from SA (0.045-0.078, pers. obs.) and this may be another indicator of chronic poor health. Fanning 1973-1974 In addition to regressed males, the reproductive status of 2 other males was considered abnormal. M24456 was estimated to be 25 years old, yet there was no sign of present or past sexual maturity and it was not physically mature (category 4). Although unlikely, it is possible that the teeth of this specimen were mixed up with an older dolphin when the skull was prepared. A comparison of the mitochondrial data from bone shavings of the skull and 1 tooth showed that they were from the same haplotype group. This is supportive evidence, but not conclusive. Similar cases need to be documented to validate the conclusion that delayed sexual maturity occurs. Heavy-metal concentrations have not been analyzed for this male, but because it was from north Spencer Gulf it is a prime candidate for elevated concentrations (Lavery et al. 2009 ). A male (M23356) known to inhabit the Adelaide region for at least 13 years died as a result of the blowhole being blocked by hyperplastic keratinized epithelial tissue (Byard et al. 2010 ). This chronic condition may have caused the testes to partially regress. Murphy et al. (2005) noted that healthier short-beaked common dolphins were more likely to have large testes and produce large volumes of sperm.
There are some limitations as to what can be gleaned from studies of opportunistically collected odontocete carcasses because organ samples are rarely preserved immediately postmortem, thus resulting in autolysis and poor cell definition. In addition and particularly for stranded dolphins, there is a bias toward very young and very old individuals and those that may have died of disease. At least one-third of the dolphins used in the present study died as a result of anthropogenic incidents and so were less likely to experience the same type of bias as stranded animals.
The present study made a valuable contribution to the knowledge of the life history of bottlenose dolphins. Perhaps more important, it provided preliminary evidence that disease, possibly related to heavy-metal toxicity, may be compromising testicular function. This scenario has serious conservation implications for odontocetes living in waters polluted by heavy metals because their reproductive potential could be reduced.
SA is an ideal place to test this hypothesis: it has 2 very large gulfs that are inverse estuaries affected by several anthropogenic sources of heavy metals (Lavery et al. 2008) , and there are inshore resident T. aduncus. Future research is planned using the extensive collections of the SAM. 
